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Stimuli-responsive synthetic transmembrane channels have
attracted much attention due to their broad applications, such
as molecular recognition, drug delivery and functional nano-
devices."” Various stimuli including potential, mechanical
force, light, and ligand have been utilized in this field.**
Amongst these, ligand gating is one of the typical approaches.
So far, limited synthetic ligand-gated channels have been re-
ported.*” Most of such channels are operated merely in an
irreversible manner, ie. the channels are either opened or
blocked upon the addition of stimuli ligands, achieving the
OFF-ON or ON-OFF behavior.>** However, synthetic channels
with a reversible ligand-gating capability, which exist widely in
nature, are much more fascinating because of their much more
extensive applications. Only a few reversible switches of OFF-
ON-OFF type have been reported.® Those examples are featured
with the successive introduction of two guests; the first one is to
trigger the formation of channels (host), realizing the OFF-ON
capability; and then introduction of the second one is to disrupt
the channeling capability, realizing the transformation from
ON to OFF states.”™ However, the reversible ligand-gated
switches of ON-OFF-ON type have not been reported yet,
except for the only one reported by our group;*® the switch
featured with calix[6]arene (CX6) as the channel, methylene
blue (MB) as the channel blocker, and 4-sulfonated calix[6]
arene with stronger affinity for MB as the channel-opener.
However, all the reversible ligand-gating switches reported,
thus far, require successive introduction of two extra compo-
nents to realize the transformations either from ON to OFF then
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through host—guest complexation with pillar[6]arene (P[6]) as the ion channel, and a photoresponsive
azobenzene as the dual-role (open and close) ligand.

back to ON states, or from OFF to ON then back to OFF states.
Obviously, limited repetition numbers of such bi-component-
gating switches are foreseeable due to the accumulation of
intruders, leading to the disruption of the labile membrane.*®
Noninvasive photoresponsive ligand-gating switch should have
prolonged durability. To the best of our knowledge, Gin's group
and Woolley's group reported the only two examples of such
switch, which was of OFF-ON-OFF type and synthesized
through elaborate route."”** However, photoresponsive ligand-
gating switch of ON-OFF-ON type has not been reported yet.

Pillar[n]arenes are a class of host cavitands and have been
widely studied.’* Herein, we reported a reversible “single-
molecule ligand-gating switch” of ON-OFF-ON type by using
commercial available unmodified P[6] (pillar[6]arene) as the ion
channel and readily obtainable azobenzene molecule as the
photoresponsive gating ligand. Though the channeling capa-
bilities of pillararene derivatives, and the host-guest behavior of
P[6] with the cis-/trans-isomers of azobenzene have been re-
ported previously.”** There are still some questions to be
answered.” First is the channeling activity mediated by internal
or external cavities of pillararenes; second, whether the guest
molecules will affect channel activity or rupture the membrane
or not; finally, whether the host and guest molecules will still
associate/dissociate efficiently in lipid bilayer membrane
similar as they are in solution thereby realizing multiple
recurring applications of “single-molecule ligand-gating
switch”.

The transmembrane channeling capability of unmodified
P[6] has not been studied yet, which was examined firstly by
using HPTS (a pH sensitive fluorescence dye) entrapped LUVs
(large unilamellar vesicles).® Firstly, the pH gradient was
establish by using a intravesicular aqueous buffer solution at
pH 7.0 and an extravesicular aqueous buffer solution at pH =
7.6. Then, upon addition of P[6] solution in THF into the HPTS-
encapsulated LUVs suspension, the fluorescence emission was
recorded immediately until 1800 s. Finally, Triton X-100 (a
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surfactant) was added to disrupt LUVs and achieve the maximal
fluorescence emission as the 100% reference point. As shown in
Fig. 1A, a rapid increase of HPTS fluorescence emission was
observed upon the introduction of P[6], which reaches 90% of
the maximal level within 1800 s. This result indicates the
increase of intravesicular pH through proton efflux or OH™
influx in response to the transmembrane pH gradient (ApH =
0.6). Very small increase (=10%) of fluorescence emission was
observed in control experiment in the absence of P[6] (Fig. 1A),
suggesting that P[6] is indeed responsible for the observed
fluorescence increase. Furthermore, we examined the concen-
tration dependence of channel activities of P[6]. As shown in
Fig. 1A, the proton transport activity of P[6] is concentration
dependent. When the concentration dropped to 5 uM, the
activity can still reach to 83%. Even if the concentration is as low
as 1 uM, the channelling efficiency still could remain 46%. Such
activity of P[6] is comparable to many reported synthetic ion
channels, including calixs and phenylene vinylene macrocycles
in our previous reports.”*® The above experimental results
shows that the unmodified P[6] is able to serve as an efficient
transmembrane ion channel. Such activity of P[6] is comparable
to the reported ion channels composed of modified pillarar-
enes, if not better.>®

Then, we explored the channel activity influence of internal
cavity using P[5] and P[6]-'Bu (pillar{5]arenes and tert-butyl
substituted pillar[6]arenes) by same assays. Higher activity was
observed with P[6] containing larger cavity size (~0.67 nm)
while P[5] with smaller cavity size (~0.47 nm) shows moderate
HPTS fluorescence emission (around 65%) increase even
extended incubation period.”” The impaired activity of P[5] may
be due to the reduced cavity size leading to slowdown proton
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Fig. 1 (A) Normalized HPTS fluorescence traces as a function of time
in the presence of P[5] (10 uM), P[6]-'Bu (10 uM) and P[6] with various
concentrations (1-10 uM). The concentration of the pillararene in total
lipids was 10 pM. (B) Normalized fluorescence traces of calcein assay in
the presence (red line) or absence (black line) of P[6] (10 puM).
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efflux. Furthermore, P[6]-‘Bu shows almost negligible fluores-
cence increase which is close to the blank experiment. The
shutdown transportation of P[6]-‘Bu may be owing to that the
tert-butyl groups located on the entrance of channel internal
cavity may induce static hindrance and thus prohibiting proton
efflux.

In order to confirm the ion transportation through the
interior cavity of P[6], we examined the transportation disability
of a larger fluorescence dye-calcein to rule out the trans-
portation possibility from outside of the cavity. The hydrated
radius of calcein is about 0.8 nm which is more than twice that
of internal cavity of P[6].*® Therefore, calcein could not be
transported from the cavity of P[6]. The calcein-encapsulated
LUVs (~40 mM) were prepared for calcein assay. Very minor
increase of fluorescence intensity was observed after addition of
P[6], even the concentration was up to 10 pM, which was only
increased to 24%. The negligible increase was close to the
controlling experiment showing no leakage of calcein from
LUVs, indicating invalid transportation for calcein from
internal cavity of P[6] (Fig. 1B). The transport disability sup-
ported the fact that the transmembrane transportation should
be attributed to native internal voids of P[6] and ruled out the
carpet-like disruption or barrel stave mechanism.>

In order to demonstrate the transportation activity of the
internal cavity directly, the guest molecules were utilized to
block the cavity and then disable channeling activity. The
previous research showed that the trans form of an azobenzene-
containing guest 3 could bind with P[6] forming 1 : 1 host-guest
complex.”* The reported host-guest binding affinity may realize
an ON-OFF switch in theory. We prepared the trans-3@P[6]
complex as previously reported and measured its proton trans-
port activity by HPTS assay.** As shown in Fig. 2, trans-3@P[6]
shows very low ionophoric activity (=18%) compared with P[6]
alone (90%), indicating a successful channel blockage by trans-3
and forming an ON-OFF type channel switch. These significantly
reducing fluorescence results suggest that the internal cavity of
P[6] plays a critical role in the transport of ions and also provide
a coherent evidence supporting that the channeling process is
mediated through the P[6] cavity rather than the barrel stave or
carpet-like rupture.

Next, we demonstrated that the guest molecules neither
rupture bilayer membrane nor act as transport channels. As
shown in Fig. 2, neither ¢trans-3 nor cis-3 displays transportation
efficiency, reaching only up to 10% of the maximal which is
almost comparable to blank experiment. Conductance
researches of the guest 3 on planar lipid bilayer showed
repeatable and feeble current intensities upon addition of trans-
3 or cis-3, which demonstrated the invalid transportation and
no ruption behavior to membrane.

Finally, we investigated further ON-OFF-ON type switch
based on photoisomerization of guest 3 from the trans to cis
conformation. The previous report has demonstrated that the
self-assembly trans-3@P[6] complex could be converted into cis-
3@P[6] complex under irradiation of UV light. The binding
affinity of cis-3@P[6] significantly decreased to (2.64 + 0.29) X
10> M ™', which is as low as about 1/8 of trans-3@P[6] ((2.22 +
0.34) x 10° M 1).2' The cis-3@P[6] complex was constructed and
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Fig. 2 (A) Normalized HPTS fluorescence traces as a function of time
in the presence of P[6], trans-3@PI[6], cis-3@PI6], trans-3 and cis-3
with concentration of 10 uM. (B) Current profiles under +2 V during 16
successive repeat experiments after addition of P[6], trans-3@P[6], cis-
3@Pl6], trans-3 and cis-3.

then added into HPTS entrapped-LUVs suspension. As ex-
pected, we observed 63% fluorescence intensity increasing
which rebounded to 70% transportation performance of P[6]
channel (90%). The results demonstrate that cis-3 partially
reopened P[6] channel. The diameter of cis-3 is about 0.80 nm
which is bigger than the internal cavity of P[6] channel leading
to the formation of unthreaded host-guest complex, cis-3@P[6].
The cis-3 was only bound by a rim of P[6], while the rest of cis-3
was outside the cavity.** In order to eliminate interference, the
HPTS assay was constructed using cis-3 or trans-3, only slightly
fluorescence increasing was observed which was close to the
blank experiment which indicating neither cis-3 nor trans-3
alone affects transportation activity. These results show that P
[6] can act as an excellent transmembrane channel, and trans-3
is able to shut down the P[6] channel through host-guest
complexation. Then, cis-3 could reopen the blocked P[6]
channel due to the decreasing affinity after trans-cis photo-
isomerization of guest 3, thereby achieving ON-OFF-ON
channel switch.

In order to achieve further supporting evidence for chan-
nelling switches, the conductance examinations were utilized to
provide current recordings for ion transportation on planar
lipid bilayer.* At first, the addition of P[6] triggered a significant
increase up to 150 pA in the current recordings under applied
voltage of 2 V during 16 successive repeat experiments, indi-
cating successful ion transportation through P[6] channel.
Then, trans-3@P[6] complex hardly affected current profiles,
suggesting P[6] channel was blocked by trans-3 thus obtaining
ON-OFF type channel switch. Finally, cis-3@P[6] was intro-
duced to investigate the channeling activity under identical
experimental conditions retrieving 90 pA current flows,
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Fig. 3 Conductance profiles at an applied voltage of +2 V at the lipid
bilayer membrane as blank experiment (A), and then adding P[6] in
HEPES buffer (10 mM HEPES, 100 mM NaCl, and pH 7.0) (B) before and
(C) after addition of trans-3. Then, UV light (D) and visible light (E)
irradiation was internally introduced to trigger photoisomerization of 3
between trans and cis conformation. Schematic drawing of a revers-
ible photoresponsive channel switches are displayed on the right side.
Proton (blue) channels of P[6] (green) were blocked by trans-3 (red)
and reopened after addition of UV light irradiation (365 nm) via pho-
toisomerization of 3 from trans to cis, then P[6] channel was blocked
again after visible light irradiation (435 nm) which trigger conformation
change from cis-3 to trans-3.

accounting for 60% of the highest current. Trans-3 or cis-3 alone
hardly showed any current which was consistent with fluores-
cence results. The almost maintaining constant conductance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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profiles likely to confirm the formation of “single-molecule
ligand-gating switch”. Further conductance investigation
supplied straightforward evidence to verify the formation of
reversible “single-molecule ligand-gating switch”. The current
profiles were recorded as a function of time in Fig. 3. In fact, the
current flows significantly increased to 150-170 pA after adding
P[6] to drive the transmembrane channel formation in planar
lipid bilayer and then decreased to 15-25 pA which almost close
to planar lipid bilayer alone after further addition of trans-3 to
form trans-3@P[6] complex. And then, the current flow
enhanced to 90-100 pA after irradiation of UV light, mainly due
to the trans-3@P[6] complex undergo trans—cis conversion upon
irradiation with UV light at 365 nm for 3 min. Finally, the
current flow reduced to 20-30 pA after irradiation of visible light
at 435 nm for 3 min. This reversible single-molecule ligand-
gating switch could be operated over three times (Fig. S57).
The conductance investigation clearly demonstrated that
opening/blocking transition of P[6] channel could be controlled
reversibly by a “single-molecule ligand-gating switch”.

In summary, we constructed an innovative reversible
pseudo-single-ligand-gated ion transportation switch of ON-
OFF-ON type using P[6] as an efficient channel and a photo-
responsive azobenzene (guest 3) as the ligand. Firstly, the open
internal cavity of P[6] channel could be blocked by trans-3
through host-guest complexation, thereby achieving ON-OFF
type switch. Then, the switch could realize the channeling state
from OFF to ON and then back to OFF state based on photo-
isomerization of guest 3, thus obtaining a reversible ON-OFF-
ON type switch. Moreover, the “single-molecule ligand-gating
switch” could realize multiple recurring applications.
Together, “cavitand-channelling”-“photoisomer-blocking-
reopening-reblocking” suggests the formation of reversible
pseudo-single-ligand-gated ion transportation switch of ON-
OFF-ON type. The reversible channelling switch will have
a broad application in living organic and pharmaceutical field
such as controlling drug release.
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